Background {#Sec1}
==========

Tinnitus refers to the perception of sounds with no external origin \[[@CR1]\]. Chronic tinnitus affects approximately 5 % of the population \[[@CR2], [@CR3]\]. While most individuals habituate to this phantom noise, 17 % of the individuals with chronic tinnitus are however severely distressed by the condition \[[@CR4]\]. This distress is not predicted by psychoacoustic qualities of the tinnitus \[[@CR5], [@CR6]\], but is rather due to a negative initial cognitive- emotional evaluation of the tinnitus sound \[[@CR7]\].

Dysfunctional beliefs about tinnitus, attention focus on the tinnitus, dysfunctional coping and avoidance behavior are considered to instigate and maintain tinnitus- related distress \[[@CR8], [@CR9]\]. Indeed, it has been shown that subjects with unilateral tinnitus pay more attention to the tinnitus ear \[[@CR10]\]. Furthermore, this attention focus on tinnitus seems to increase tinnitus- related distress \[[@CR11]\]. Concluding from those studies, people with tinnitus focus their attention on the phantom noise and this in turn elevates the tinnitus- related distress. On the other hand, it has been shown that attention to tinnitus is influenced by the amount of tinnitus annoyance \[[@CR12]\]. Thus, attentional bias to tinnitus seems to be influenced by the amount of tinnitus- related distress. Additionally, Andersson and Westin \[[@CR13]\] suggested attention to tinnitus as a mediator for tinnitus- related distress, provided that tinnitus is appraised negatively. This view has been corroborated by a study of Cima and colleagues \[[@CR14]\], who found an association between catastrophizing and increased attention towards tinnitus in a sample of 61 tinnitus patients and by Andersson and collaborators \[[@CR15]\] who could show that attention to tinnitus increased the amount of tinnitus- related thoughts compared to thought- suppression. Thus, there seems to be an association between attention focus to tinnitus and tinnitus- related negative information. Support for this view comes from a study that found a facilitation effect towards tinnitus- related words in comparison to neutral words measured by the Emotional Stroop Task (EST) in a group of tinnitus patients, but not in a control group \[[@CR16]\].

The EST is a well- established paradigm to examine emotional processing \[[@CR17]--[@CR19]\] and attentional bias \[[@CR20]\]. It has been frequently used in the field of emotional disorders \[[@CR20]\] and also in chronic pain \[[@CR21]\] which shares common features with tinnitus \[[@CR22]--[@CR24]\]. Emotionally salient words should draw attention from the task (color- naming of the words), thus resulting in longer reaction times \[[@CR25]\]. Generally, studies on the EST find an interference- effect for concern- related words. Andersson and colleagues \[[@CR16]\] on the other hand found a facilitation effect for tinnitus- related words within a group of tinnitus patients (*n* = 104), but not within a healthy control group (*n* = 21). However, this study had some methodological issues, since the groups were not compared with each other and varied greatly in sample size. Another study on tinnitus patients that used the EST did not find any interference or facilitation effect for tinnitus- related words \[[@CR26]\]. Thus, there seems to be no clear evidence of an Emotional Stroop effect in tinnitus patients. However, none of these studies controlled for the level of tinnitus- related distress as a potential moderator of effects. Therefore, we expect an Emotional Stroop effect to only occur in highly distressed tinnitus patients. No study known to the authors has ever examined an Emotional Stroop effect in highly compared to low distressed tinnitus patients.

Additionally, the emotional processing of tinnitus-related words should heighten the tinnitus annoyance, resulting in the activation of distress-related brain regions. However, little is known about the neural correlates of tinnitus related distress. According to the Global Brain Model \[[@CR27]\], damage to the hearing system reduces the sensory input, decreases inhibitory mechanisms in the central auditory system and finally leads to an enhanced excitability of the auditory cortices. This activity in the auditory cortices is supposed to be modulated by a network consisting of frontal, parietal and cingulate regions. The model proposes that this fronto- parietal- cingulate network is more active in highly distressed tinnitus patients. The dorsolateral prefrontal cortex (DLPFC), the orbitofrontal cortex (OFC), anterior cingulate (ACC) and the precuneus/posterior cingulate (PCC) are considered as key structures in that network. A resting- state electroencephalography (EEG) study \[[@CR28]\] identified a component, that differed between high and low distressed tinnitus patients (14--18 Hz, 22--26 Hz) that consisted of the medial frontal gyrus, middle frontal gyrus, inferior frontal gyrus, rectal gyrus, ACC, parahippocampal gyrus and the insula. Another resting- state EEG study that compared high and low distressed tinnitus patients \[[@CR29]\] identified four regions that contributed significantly to tinnitus annoyance; the subcallosal ACC, the parahippocampal area, the PCC and the DLPFC. Further support for this model comes from resting- state fMRI- studies. In a mixed sample of bothered and non- bothered tinnitus patients according to the Tinnitus Questionnaire (TQ) \[[@CR30]\], tinnitus patients showed higher functional connectivity within an auditory resting-state network in comparison to healthy controls bilaterally in the parahippocampal gyrus, the inferior frontal gyrus, right prefrontal cortex, right inferior parietal lobe and postcentral gyrus \[[@CR31]\]. A resting- state fMRI- analysis on bothered tinnitus patients showed greater functional connectivity as compared to HC between the right anterior insula and left inferior frontal gyrus which correlated positively with activity in the auditory cortex \[[@CR32]\]. No differences in functional connectivity could be found in a comparison of non- bothered tinnitus patients and healthy controls \[[@CR33]\]. Thus, these studies confirmed the role of frontal and limbic structures in tinnitus distress and to some extent in parietal areas. A resting state Magnetoencephalography study found a correlation between the strength of inflow to the temporal cortices and tinnitus annoyance. The temporal cortices received that input from the prefrontal cortex (PFC), cuneus, precuneus and PCC \[[@CR34]\]. Hence, corroborating a role of the precuneus in tinnitus annoyance.

Recently, it has been suggested that several overlapping brain networks contribute to the perception of tinnitus; the somatosensory cortex, the auditory cortex, a perception network, a salience network, a distress network and memory areas \[[@CR35]\]. Networks of interest for the study of selective attention and distress are the perception network, salience network, distress network and memory areas. Subgenual ACC, dorsal ACC, PCC, parietal cortex, the precuneus and the frontal cortex form the perception network. Activity within these areas is required to perceive a phantom percept consciously. The salience network, consisting of the dorsal PCC and anterior insula reflects the behavioral significance of the percept. The distress network should include the ACC, anterior insula and amygdala. According to the model memory areas; the parahippocampal area, hippocampus and amygdala, should be associated with awareness to the salient perception and play a role in the reinforcement of annoyance \[[@CR35], [@CR36]\].

Based on the available empirical evidence regarding tinnitus distress and taking into account the suggestions of the Global Brain Model and the Working Model of Phantom Percepts we hypothesize highly distressed tinnitus patients (HDT) to react slower (interference- effect) to tinnitus-related words as compared to neutral words in an EST and in comparison to low distressed tinnitus patients (LDT) and healthy controls (HC). Additionally, we expect HDT to rate tinnitus- related words as being more negative and arousing in comparison to neutral words and in comparison to LDT and HC. On a neural level we expect HDT to show a higher activity, as measured by blood oxygen level dependent (BOLD) fMRI, in the precuneus, limbic areas and frontal areas in comparison to LDT and HC, especially the parahippocampus, dorsal and subgenual ACC (including anterior and posterior midcingulate cortex), PCC, insula, DLPFC (Brodman Area (BA) 9, 46) and OFC (including inferior frontal gyrus, BA 10, 11, 47).

Methods {#Sec2}
=======

Sample {#Sec3}
------

Participants were recruited for participation in the study via regional newspapers, the homepage of the German Tinnitus League, flyers and word of mouth. Inclusion criteria were a chronic tinnitus, defined as a constant noise in the ear(s) or the head for at least one year and German as the first language. Exclusion criteria were age above 70, a current major depressive syndrom, hyperacusis, current treatment with psychotropic drugs, days without tinnitus perception, tinnitus perception only in total silence, residual inhibition \> one minute, any counter indications to MR- methodology (e.g. pacemaker) and an actual hearing loss. According to the Guidelines on Non- Physician Care and Medical Aids (Heil- und Hilfsmittelrichtlinien) hearing loss was defined as a loss ≥ 30 dB HL at 2 kHz or in two other frequencies between 0.5 kHz and 3 kHz on the better hearing ear \[[@CR37]\]. Participants were allocated to the HDT- group if they achieved a score above 30 (moderate annoyance) in the German version of the TQ \[[@CR30], [@CR38]\]. The final sample consisted of 48 participants; 16 HDT, 16 LDT and 16 HC. The groups were matched by age and sex. As expected, HDT had a higher level of tinnitus distress. HDT had higher anxiety and depression scores as measured by the German version of the Hospital Anxiety and Depression Scale (HADS) \[[@CR39], [@CR40]\] and higher hypersensitivity to sound scores as measured by a Questionnaire on Hypersensitivity to sound (GÜF) \[[@CR41]\] than LDT and HC. In comparison to LDT, HDT had a lower vocabulary test score in a subtest of the Hamburg Wechsler Intelligence Test \[[@CR42]\]. The three groups did not differ with regard to age, sex, tinnitus loudness and hearing loss (see Table [1](#Tab1){ref-type="table"} and Fig. [1](#Fig1){ref-type="fig"} for details) (Please see the assessment section for details about the instruments).Table 1Description of the groups and characterizing variablesHDTLDTHCHDT vs. LDTHDT vs. HCLDT vs. HC(*n*=16; 13♂)(*n*=16; 13♂)(*n*=16; 13♂)df=30df=30df= 30MeanSDMeanSDMeanSD*t (p)t (p)t (p)*Age53.3812.3352.8812.1452.389.420.12 (0.9088)0.26 (0.7984)0.13 (0.8973)HADS A8.313.424.063.072.752.293.70 (0.0009)5.40 (0.0000)1.37 (0.1805)HADS D6.753.443.383.722.562.582.67 (0.0123)3.90 (0.0005)0.72 (0.4786)VT20.05.3724.384.1121.944.20- 2.59 (0.0147)- 1.14 (0.2646)1.66 (0.1077)GÜF13.198.166.065.632.562.222.88 (0.0074)5.03 (0.0000)2.31 (0.0277)Hearing Loss22.236.7723.2810.4119.319.09- 0.34 (0.7365)1.03 (0.3120)−0.34 (0.7365)TQ^a^40.06.6915.06.2810.89 (0.0000)Loudness39.7520.9949.9420.77- 1.38 (0.1778)♂ male, *df* degrees of freedom, *GÜF* Geräuschüberempfindlichkeitsfragebogen (Questionnaire on Hypersensitivity to Sound), *HADS* Hospital Anxiety (A) and Depression (D) Scale, *HC* healthy controls, *HDT* highly distressed tinnitus patients, *LDT* low distressed tinnitus patients, *Loudness* maximum (in case of bilateral tinnitus) loudness of the tinnitus in dB HL as measured via matching of the tinnitus to a similar sound, *t* t- value, *TQ* Tinnitus Questionnaire, *VT* vocabulary testAll t-tests were two-sided^a^Due to missing data on the day of the MRI- scan, the missing TQ- score of 4 participants (1 HDT, 3 LDT) was replaced with the TQ- score from the TQ, that had been filled in after the telephone screeningFig. 1Hearing loss in dB HL. dB= decibel, HC= healthy controls, HDT= highly distressed tinnitus patients, HL= hearing level, LDT= low distressed tinnitus patients, kHz= Kilohertz

Experimental Design {#Sec4}
-------------------

The Emotional Stroop Task comprised of two conditions; tinnitus- related words (TW) and neutral words (NW). The stimuli were presented in a block- design with six blocks per stimulus category. Within one block, each word was presented for 1750 ms in one of four colors (red, blue, green, yellow), followed by a fixation cross (250 ms). The words were presented in a randomized order and each word was presented twice per block. Thus, the length of each block was 24 s. Neutral blocks alternated with blocks of TW. Before and after each block a fixation cross was presented for 24 s. Participants were instructed to identify the color of each word by pressing a button on a four- button- response- pad by using the index- and middle- finger of each hand. Inside the MRI- scanner the stimuli were presented on a set of MRI- suited LCD- goggles (resolution 800 × 600; Resonance Technology, Northridge, CA, USA). If needed, the goggles were combined with corrective lenses to ensure corrected to normal vision. All participants wore headphones for communication with the experimenter and noise protection. Additionally, the participants underwent a masking and an emotional sentence task \[[@CR43]\] in the scanner, which is not presented in this article. The total scan time was approximately 60 min. Thus, the study had a 2×3 quasi- experimental design with the within subject factor *word category* (TW, NW) and the between subject factor *group* (HDT, LDT, HC).

All stimuli had been selected previously in two pilot studies (unpublished data). In a first pilot study the valence of 69 words potentially relevant to tinnitus distress and 69 neutral words (matched for frequency of occurrence in German language, number of letters and syllables) was rated by 122 participants. Those participants were distributed evenly between three groups: high distressed tinnitus patients (TQ III and IV), low distressed tinnitus patients (TQ I and II) and healthy controls. The words were derived from the TQ, previous research, patient reports and interviews with medical and psychological tinnitus experts. From this study 28, emotionally relevant tinnitus words and 28 matched neutral words were selected. Emotional relevance was defined as a higher negative valence of the tinnitus- related words within the highly distressed group (maximized difference between the tinnitus and the neutral word) and also in comparison to the other two groups. In a second pilot study, 53 participants underwent an Emotional Stroop Task, 16 highly distressed tinnitus patients, 18 patients with low tinnitus distress and 19 healthy controls. Based on the results of the Stroop task, the six words with the biggest interference effect (response time to TW -- response time to matched NW \> 40 ms) within the HDT- group and with no interference effect in the LDT- and HC-group were selected for this study (see Table [2](#Tab2){ref-type="table"}; Meinhardt-Renner and Kröner-Herwig unpublished).Table 2Stimuli: tinnitus and neutral words matched for word length and frequency of occurrence in the German languageTinnitus WordsNeutral WordsBrummenKirsche*to humcherry*NachdenkenSchubladen*to think about sth.drawers*NachtPreis*nightprice*RauschenPflanzen*static noiseto plant*SchrillSchrank*shrillcupboard*TestbildWeltmeer*test pattern* ^a^*ocean*^a^The test pattern on German television screens was accompanied by a high pitched tone

Assessment of psychosocial variables and audiological information {#Sec5}
-----------------------------------------------------------------

### Tinnitus related distress {#Sec6}

The TQ \[[@CR38]\] is a self- report questionnaire consisting of 52 items. A total score of 0 to 30 corresponds to mild distress, a score between 31 and 46 matches moderate distress, a score of 47 to 59 corresponds to severe distress and a score of 60 and above is considered as very severe tinnitus distress \[[@CR38]\]. The test- retest reliability of r~tt~ = 0.94 \[[@CR44]\] can be considered as very good.

### Determination of exclusion criteria {#Sec7}

The German version of the Patient Health Questionnaire \[[@CR45], [@CR46]\] assesses diagnostic information about psychopathology and was used to exclude a major depressive syndrome and concurrent psychotropic medication. The Structured Tinnitus Interview (Strukturiertes Tinnitus Interview) \[[@CR47]\] assesses detailed information about tinnitus and associated symptoms, such as hyperacusis, hearing loss and vertigo. It was used to exclude hyperacusis, hearing loss, acute tinnitus, non- continuous tinnitus and perception of tinnitus only in total silence.

An audiological evaluation was conducted to further exclude hearing loss and residual inhibition \> one minute. Hearing level, minimal masking level, loudness discomfort level, residual inhibition, tinnitus pitch and loudness were assessed. With the exception of the hearing level and tinnitus loudness those features are not of any interest for the current study. The assessment was conducted in the clinical Department of Otorhinolaryngology of the University of Göttingen.

### Sample characterization {#Sec8}

Anxiety and depression scores were assessed with the German version of the HADS \[39. 40\]. Both subscales consist of seven items with a satisfactory internal consistency (anxiety subscale: α = 0.80, depression subscale: α = 0.81) and convergent validity (anxiety subscale: *r* = 0.65, depression subscale: *r* = 0.70). The scale has originally been developed for patients suffering from chronic medical conditions \[[@CR39]\].

Hypersensitivity to sounds was assessed with the GÜF \[[@CR41]\]. The questionnaire consists of 15 items and has a maximum score of 45; a score of 0--9 corresponds to mild hypersensitivity to sounds, 10 to 15 is considered as moderate, a score between 16 and 23 severe and 24 and above represents very severe hypersensitivity to sounds. Internal consistency for the subscales ranges between .77 and .82.

### Behavioral data {#Sec9}

To measure valence and arousal of the stimuli, the tinnitus and neutral words were rated on a computerized version of the Self- Assessment Manikin \[[@CR48], [@CR49]\]. The lower the values on the 9- point valence scale, the more negative a word is evaluated (1= very negative, 9= very positive). The higher the ratings on the 9- point arousal scale, the higher the arousal (1=not arousing, 9= very arousing). In order to test for an Emotional Stroop effect, response times of the color naming of the words were recorded during the MRI- scan.

### Control variables {#Sec10}

The vocabulary subtest (VT) of the Hamburg Wechsler Intelligence Test \[[@CR47]\] was performed to control for differences in vocabulary, since novelty of words might act as a confounding variable \[[@CR50]\].

Image acquisition {#Sec11}
-----------------

MR imaging took place on a 3 T MRI- scanner (Siemens Magnetom TIM Trio, Siemens Healthcare, Erlangen, Germany). An 8- channel standard phased- array head coil was used (for one participant a 12- channel head coil was used due to head size). Firstly, an anatomical 3D T1- weighted dataset was attained (Turbo fast low angle shot (Turbo FLASH), echo time (TE): 3.26 ms, repetition time (TR): 2250 ms, inversion time: 900 ms, flip angle 12°) that covered the whole head at 1 × 1 × 1 mm^3^ isotropic resolution. T2\*- weighted gradient- echo echo- planar imaging was used to acquire the functional datasets (TE: 36 ms, TR: 2000 ms, flip angle 90°, 22 slices of 4 mm thickness at an in- plane resolution of 2 × 2 mm^2^). Within one functional run 302 whole brain volumes were recorded.

Procedure {#Sec12}
---------

Participants, who wanted to take part in the study, underwent a telephone- screening, which included questions regarding exclusion and inclusion criteria and the structured interview about tinnitus. Then, the participants were sent the following questionnaires: TQ, HADS- D, PHQ- D, GÜF and a specifically designed questionnaire to further assess MRI- specific exclusion criteria. In a next step the participants underwent the audiological examination (see above), which took part within one week before the MRI- examination. Before entering the MRI the participants underwent a pre- training to get familiar with the procedure. The Emotional Stroop pre- training consisted of four neutral words naming punctuation marks (Punkt (dot), Komma (comma), Fragezeichen (question mark), Klammer (bracket)) that appeared randomly in one of four different colors (red, blue, green, yellow). The participants were instructed to identify the colors via button press on a keyboard. The participants heard a feedback sound in case of a wrong or missing answer. After each block (16 trials, each word in each color) the instruction appeared again. The training program continued until the participant completed one run without mistakes to ensure all participants had successfully learned which buttons corresponded to which colors. After the pre- training the participants completed the EST inside the MRI- scanner without feedback. After the scanning procedure all participants evaluated the stimuli with the computerized version of the self- assessment Mannequin for arousal and valence and filled in the TQ for a second time. Additionally, the participants completed a vocabulary test, which was conducted via telephone on a later date, since they could be exhausted after the MRI- procedure.

Statistical procedure {#Sec13}
---------------------

### Behavioral data {#Sec14}

The software STATISTICA (Version 10, Stat Soft. Inc., Tulsa, USA) was used to analyze the behavioral data. Regarding the reaction times in the Stroop Task and the ratings of valence and arousal three 3 x 2 repeated measures ANOVAs were performed with the between factor *group* (HDT, LDT, HC) and the within factor *word category* (TW, NW). If the sphericity assumption was violated, Greenhouse- Geisser corrections were performed. LSD- post- hoc- tests were performed and *p* was set at .05. As measure of dispersion the standard deviation of the mean was used throughout.

### Functional imaging data {#Sec15}

The fMRI data was analyzed with Brain Voyager QX Software version 2.0.8 (Brain Innovation, Maastricht, The Netherlands). Standard preprocessing was performed (3D motion correction, slice scan- time correction, temporal filtering (linear trend removal and high pass filtering) and spatial smoothing with a Gaussian kernel (full width at half maximum 8 × 8 × 8 mm^3^). On the basis of the general linear model, a random effects group analysis was performed. Only words to which participants responded correctly were used as predictors. Word stimuli with wrong or missing responses were included as confounding variables in the model. The effects of the 1750 ms presentation of the words were convolved with the canonical hemodynamic response function and analyses of planned contrasts were performed. Cluster level threshold estimation was used to correct for multiple comparisons \[[@CR51], [@CR52]\]. The uncorrected cluster threshold was set at *p* = .001 for within- group comparisons and correlational analyses (see below) and *p* = .005 for between- group comparisons. Monte Carlo simulations (1000 iterations) were performed on the basis of the estimated smoothness of the map and the number of activated voxels to determine the minimum cluster size which was required to yield a maximum error rate at the cluster level of *p* \< .05. The Talairach Demon \[[@CR53], [@CR54]\] was used to identify activations by nearest coordinates. In accordance with the Four- Region Neurobiological Model \[[@CR55]--[@CR57]\] activations located in the cingulate gyrus were allocated to its subdivisions. Furthermore, the predictors for the contrast TW \> NW were extracted and correlated with the individual TQ scores, HADS- depression and HADS- anxiety scores, the vocabulary test scores and the loudness of the tinnitus as assessed via tinnitus loudness matching (in dB HL). In the case of bilateral tinnitus, the louder tinnitus was included. Since there were differences between the groups in terms of vocabulary, anxiety and depression, those scores were included in a correlational analysis to check for potentially confounding effects. Tinnitus loudness was included to check for effects of salience. Recently, it has been suggested that the pain- matrix is not specific for nociceptive stimuli but reflects a salience detection system \[[@CR58]--[@CR60]\]. Therefore, in order to determine whether our effects are specific to the distress network we included a correlation with tinnitus loudness to explore activations within the salience network.

Results {#Sec16}
=======

Behavioral data {#Sec17}
---------------

### Reaction times, valence and arousal {#Sec18}

It was expected that HDT would show slower reaction times to TW in comparison to NW. This difference should be greater for HDT in comparison to LDT and HC. A repeated measure ANOVA showed no main effect for group or word category, but a group x word category interaction; however LSD- post- hoc- tests revealed no differences within the HDT and LDT, but within the HC (see Fig. [2](#Fig2){ref-type="fig"} and Table [3](#Tab3){ref-type="table"} for details).Fig. 2Reaction times in ms. HC= healthy controls, HDT= highly distressed tinnitus patients, LDT= low distressed tinnitus patients, ms= milliseconds, \*= *p* \< 0.05Table 3Behavioral dataANOVAHDTLDTHCGroupWord Cat.G×WMeanSDMeanSDMeanSD*F* (2, 44)*F* (1, 44)*F* (2, 44)Val TW4.641.134.770.835.090.760.7260.300.28Val NW5.831.295.930.496.050.95*p*= 0.4941*p*= 0.0000*p*= 0.7555Arou TW3.351.702.881.333.161.730.3012.440.28Arou NW2.721.672.381.422.781.85*p*= 0.7399*p*= 0.00099*p*= 0.7544RT TW759.9673.86754.05112.60721.96128.470.262.504.65RT NW760.4064.60748.9799.79746.82122.71*p*= 0.7688*p*= 0.1212*p*= 0.0146*Arou* arousal, *F* F- value, *HC* healthy controls, *G* group, *HDT*= highly distressed tinnitus patients, *LDT* low distressed tinnitus patients, *NW* neutral words, *RT* reaction time, *SD* standard deviation, *TW* tinnitus words, *Val* valence, *Word Cat* word category

Two repeated measures ANOVAs were conducted to assess differences with regard to valence and arousal ratings of the stimuli. According to valence and arousal we found a main effect for word category but no effect for group or a group x word category interaction. Thus, TW were rated more negative and arousing in comparison to NW (see Table [3](#Tab3){ref-type="table"} and Fig. [3](#Fig3){ref-type="fig"} for details).Fig. 3SAM- ratings of valence and arousal. Higher ratings correspond to a higher level of arousal and a more positive evaluation of the stimuli (valence). HC= healthy controls, HDT= highly distressed tinnitus patients, LDT= low distressed tinnitus patients, SAM= Self-Assessment-Manikin, \*\*\*= *p* \< 0.001

FMRI data {#Sec19}
---------

### Within group analysis {#Sec20}

Within each group the BOLD- response to TW was compared with the brain activity in reaction to NW. Within the HDT group we expected a higher BOLD- response in the precuneus, limbic and frontal areas, such as the cingulate gyrus, the parahippocampus, the insula, DLPFC and OFC. With regard to our hypothesis a higher BOLD- response to TW as compared to NW within the HDT group could be found in the right insula, right DLPFC and the right precuneus. The HC group showed higher activations to TW in right middle frontal regions, and higher activations to NW in the the left dorsal PCC and right subgenual ACC. LDT only showed higher activations to NW in the right perigenual ACC and left dorsal PCC (see Table [4](#Tab4){ref-type="table"} and Fig. [4](#Fig4){ref-type="fig"} for details).Table 4Peak- voxels of the within- group results of the contrast TW - NWGroupRegionBAPeak Voxel*t*Cluster (mm^3^)xyzHDTR Inferior Frontal Gyrus09458224.201 (1755)R Insula1336- 1164.45R Precentral Gyrus0630- 10523.862 (516)R Cuneus/Precuneus076- 73343.643 (1665)L Cuneus190- 82314.10L Cuneus18- 3- 94113.87L Thalamus- 9- 713.984 (279)L Thalamus- 15- 16134.505 (985)L Superior Frontal Gyrus08- 152446- 4.246 (250)L Declive- 18- 64- 173.837 (264)L Middle Frontal Gyrus06- 39- 4464.458 (1835)L Fusiform Gyrus- 45- 52- 173.959 (268)LDTR pACC323414- 3.861 (265)L dPCC31- 12- 3731- 4.252 (368)HCR Middle Frontal Gyrus095111344.091 (1245)R Middle Frontal Gyrus06392464.10R sACC25317- 8- 4.262 (254)L dPCC31- 3- 4031- 3.973 (376)*BA* Brodman area, *dPCC* dorsal posterior cingulate cortex, *HC* healthy controls, *HDT* highly distressed tinnitus patients, *L* left, *LDT* low distressed tinnitus patients, *pACC* perigenual anterior cingulate cortex, *R* right, *sACC* Subgenual anterior cingulate cortex, *t* t- valueFig. 4Within group results for HDT (*top*), LDT (*middle*) and HC (*bottom*) in the contrast TW - NW. The number next to each cluster corresponds to the cluster number in Table [4](#Tab4){ref-type="table"}

### Between group analysis {#Sec21}

It was expected to find higher BOLD- responses in the hypothesized areas to TW in comparison to NW in HDT as compared to LDT and HC. We failed to find any differences in those regions when comparing HDT and HC, however we found a higher activation in the right insula and the OFC in the HDT group as compared to the LDT group (see Table [5](#Tab5){ref-type="table"} and Fig. [5](#Fig5){ref-type="fig"} for details). Fig. [6](#Fig6){ref-type="fig"} shows the percent signal change of the right insula and the orbitofrontal cortex.Table 5Peak- voxels of the between- group resultsTW - NWRegionBAPeak Voxel*t*Cluster (mm^3^)xyzHDT vs. LDTR Insula1333- 1133.811 (215)R Inferior Frontal Gyrus472417- 83.402 (439)R Cuneus183- 79253.643 (1186)L Hypothalamus- 9- 4- 24.804 (2598)L Lentiform Nucleus- 24- 10- 53.72L Caudate- 1517133.935 (385)L Postcentral Gyrus03- 24- 30613.906 (117)L Middle Frontal Gyrus10- 395073.167 (199)HDT vs. HCR Hypothalamus9- 7- 83.411 (877)L Hypothalamus- 6- 7- 54.16R Cuneus1812- 76253.272 (208)*BA* Brodman area, *HC* healthy controls, *HDT* highly distressed tinnitus patients, *L* left, *LDT* low distressed tinnitus patients, *R* right, *t* t- valueFig. 5Between group results. The upper shows the contrast TW - NW in HDT vs. LDT (*top*), and for HDT vs. HC (*bottom*). The number next to each cluster corresponds to the cluster number in Table [5](#Tab5){ref-type="table"}Fig. 6Percent signal change of the right insula and orbitofrontal cortex from the comparison HDT - LDT. FG= frontal gyrus, HC= healthy controls, HDT= highly distressed tinnitus patients, L= left, LDT= low distressed tinnitus patients, R= right, \* *p*\< .05, \*\* *p*\< .01, ◊ p= .05

### Correlational analysis {#Sec22}

We further correlated the beta weights for the contrast TW \> NW with tinnitus distress within the tinnitus group (HDT and LDT). Furthermore, correlations were computed with tinnitus loudness and all variables that differed between HDT and LDT. Correlations with tinnitus distress were found for the right insula and the right inferior frontal gyrus as part of the OFC. Depression correlated positively with activity in the right insula and the left dorsal PCC (see Table [6](#Tab6){ref-type="table"} and Fig. [7](#Fig7){ref-type="fig"} for details). No other correlations were found.Table 6Peak- voxels of the correlations between the contrast TW - NW and TQ- scores, depression scores, anxiety scores, vocabulary test scores, GÜF-scores and maximum tinnitus loudness (in dB)TW - NWRegionBAPeak Voxel*r* (*p*= .001)Cluster (mm^3^)xyzTQR Transverse Temporal Gyrus4145- 22130.601 (117)R Insula1333- 1130.622 (217)R Inferior Frontal Gyrus472417- 110.623 (269)L Caudate- 6240.624 (248)HADS- DR Insula1342- 22220.611 (110)R Postcentral Gyrus0324- 28490.602 (123)L Thalamus- 12- 22130.623 (129)L dPCC31- 18- 34370.604 (1503)L Postcentral Gyrus03- 24- 31520.704HADS- ANo correlationVTNo correlationGÜFNo correlationLoudnessNo correlation*BA* Brodman area, *dPCC* dorsal posterior cingulate cortex, *GÜF* Geräuschüberempfindlichkeitsfragebogen (Questionnaire on Hypersensitivity to sound), *HADS* Hospital Anxiety (A) and Depression (D) Scale, *L* left, *NW* neutral words, *r* correlation coefficient, *R* right, *TQ* Tinnitus Questionnaire, *TW* tinnitus-related words, *VT* vocabulary testFig. 7Correlations with tinnitus distress and depression

The figure shows the correlation between the contrast TW - NW and the TQ- scores (top), and the correlation between TW - NW and the HADS depression scores (bottom) (only tinnitus patients were included). The number next to each cluster corresponds to the cluster number in table [6](#Tab6){ref-type="table"}.

Discussion {#Sec23}
==========

The aim of the study was to examine possible effects of selective attention and the emotional processing of tinnitus- related words and their relation to tinnitus distress. Therefore an EST was conducted and the neural activity elicited by TW was compared to the neural response to NW within the HDT group and in comparison to LDT and HC. Furthermore the BOLD- response to TW was correlated with tinnitus distress, tinnitus loudness, vocabulary, depression, anxiety and hypersensitivity to sound. It was expected to find longer reaction times between TW and NW within HDT and in comparison to LDT and HC. Furthermore HDT should evaluate TW as more arousing and negative than NW and compared to the other two groups. However, we did not find any hypothesized effects of response times, nor did we find differences between HDT and the other two groups with regard to valence and arousal. All groups rated TW as more negative and arousing as compared to NW. On a neural level though, the HDT group showed a higher activation in the right insula and bilaterally in the OFC as compared to LDT. Furthermore, tinnitus distress correlated positively with the BOLD- response in the right insula and the right inferior frontal gyrus as part of the OFC. Activity in the right insula and the left dorsal PCC correlated positively with depression. Contradictory to our predictions we did not find differences between HDT and HC in any of the hypothesized regions. Thus, on a neural level our hypotheses have been partially supported.

The lack of an emotional stroop effect in HDT {#Sec24}
---------------------------------------------

Possible explanations for the lack of an Emotional Stroop effect are the response modality, type of stimuli and the infeasibility of the visual modality to examine effects of selective attention in tinnitus patients. It has been shown that a response via button-press, as in the current study, leads to smaller interference effects as compared to a vocal response in the original Stroop task \[[@CR61]\]. However, since tinnitus is a heterogeneous symptom with great variations in variables such as tinnitus location and tinnitus pitch \[[@CR62]\] standardized stimuli might not be the best choice. Idiosyncratic word stimuli which are more relevant to the individual emotional concerns (e.g. worries about the tinnitus) of each tinnitus patient could lead to better results. Studies using idiosyncratic word stimuli found Stroop effects in various areas such as posttraumatic stress disorder \[[@CR63]\], obsessive- compulsive disorder \[[@CR64]\] and healthy subjects \[[@CR65]\]. However, no Emotional Stroop effect could be found in chronic pain patients \[[@CR66]\], who share common features with tinnitus patients \[[@CR23], [@CR24], [@CR67]\], though idiographic stimuli had been used.

Thus, paradigms that examine auditory selective attention might be more suitable to find differences not only on a neural, but also on a behavioral level. For example, in a dichotic listening task it has been shown that alcohol- dependent inpatients show more shadowing errors in comparison to social drinkers when concern- related words were presented in the irrelevant channel as compared to neutral words \[[@CR68]\]. In an associative learning procedure \[[@CR69]\], 42 different click- like tones were conditioned with positive, negative or neutral sounds from the International Affective Digitized Sounds system \[[@CR70]\]. Magnetoencephalography showed an intensified processing of tones associated with emotional sounds (negative or positive) as compared to neutral sounds in frontal, parietal and auditory sensory areas. Thus, dichotic listening tasks that use tinnitus- related words or affective conditioning paradigms might be another possibility to examine effects of selective attention in tinnitus patients. However, a third possibility, which we cannot rule out in this study, might be a lack of power, since the only study, which found a facilitation effect in tinnitus- patients for tinnitus- related words consisted of 104 participants.

Though the current study did not find an interference effect, the fMRI- results can still be interpreted as neural correlates of tinnitus-related distress. An example from EEG-experiments even shows that neural responses could be more sensitive than reaction times \[[@CR71], [@CR72]\]. The N400 differentiated well between two conditions (semantically related vs. unrelated) in a letter-search priming paradigm in the absence of a reaction time effect, indicating a semantic context effect \[[@CR72]\]. Thus, the authors believe that the results indicate the emotional processing of tinnitus- related words; however the emotional salience of those words obviously was not strong enough to interfere with the task. Thus future studies should use individual tinnitus words to ensure a high personal relevance of the stimuli as discussed above.

Differences between the groups {#Sec25}
------------------------------

The amount of personal relevance of the stimuli could also explain the lack of hypothesized differences between HDT and HC, since the TW could not only be interpreted as tinnitus associated stimuli, but also by HC as generally negative characteristics (e.g. a shrill voice). This view is supported by earlier results, in which HDT showed among others a higher activation in the right insula to tinnitus- related sentences as compared to neutral sentences within their group and in comparison to HC \[[@CR43]\]. The sentences provided a clear tinnitus context (e.g. *I will never get rid of the tinnitus*). Furthermore, the personal relevance of the sentences was rated and HDT evaluated tinnitus- related sentences as being more personally relevant in comparison to generally negative sentences, additionally they rated tinnitus sentences higher as compared to HC. HC however evaluated neutral sentences as more personally relevant than tinnitus- related and generally negative sentences. Thus, it might indeed be beneficial for future studies to include tinnitus- related words which are personally relevant to tinnitus patients but not for HC.

However, a number of resting- state studies, as mentioned above, found those differences. Thus, this finding might also be due to the methodology of a task- driven approach. LDT might have actively avoided the tinnitus words. This view is supported by the percent signal change in the OFC. While HDT tend to show higher activations to TW as compared to NW, this pattern seems to be reversed in low distressed patients. It has been shown before that reappraisal, as a strategy of emotional regulation, could lower the activation within the orbitofrontal cortex \[[@CR73]\] and the insula \[[@CR74]\]. Thus, an additional down- regulation of negative emotions in the low distressed group could explain the differences between HDT and LDT.

Tinnitus distress and depression {#Sec26}
--------------------------------

Activity in the right insula correlated with both; tinnitus distress and depression. Recently, using partial correlations, it has been found that tinnitus distress correlated exclusively with current density distribution in alpha 2, beta 1 and beta 2 activity of the *right* OFC and frontopolar cortex and beta 2 activation of the ACC. Depression scores however correlated with alpha 2 activity in the *left* OFC and frontopolar cortex \[[@CR75]\]. This lateralization effect could however not be confirmed in this study. A recently conducted meta- analysis \[[@CR76]\] showed that depressed individuals show a higher activation to negative stimuli in the amygdala, insula and dorsal ACC and a lower activation in the dorsal striatum and DLPFC as compared to healthy controls. Our results suggest the insula to play a major role in the distress network; however this activation seems not to be specific for distress, but also for depression. It has been shown before that tinnitus distress and depression are associated with each other in a 2- year longitudinal study on 6215 people from the Swedish working population \[[@CR77]\]. Furthermore, the HDT and the LDT group differed not only with regard to tinnitus distress, but also in depression, anxiety, vocabulary and hypersensitivity to sounds. However, aside from depression, none of these variables correlated with the BOLD- response. Thus, it may be that tinnitus distress and depression activate overlapping brain networks; an idea which has been proposed earlier \[[@CR78]\] and which is conform with the assumption of an unspecific distress network \[[@CR79]\].

Multiple overlapping networks {#Sec27}
-----------------------------

Since we tested HDT and LDT, the distress network, which according to De Ridder et al. \[[@CR28]\] includes the anterior insula, amygdala and ACC, should be more active in HDT. Indeed we found the right insula to be more active within HDT and in comparison to LDT. However, the anterior insula is supposed to be part of the distress *and* the salience network \[[@CR35]\]. According to a meta-analysis about the functional differentiation of the insula \[[@CR80]\] the dorsal part of the anterior insula is a highly integrative region of multiple processes, such as emotional-cognitive processing and interoception. The activation of the insula in the current study seems to be located in the central part of the insula, which is associated with interoception \[[@CR80]\]. Interoception on the other hand is closely linked to the perception of emotions \[[@CR81]--[@CR83]\]. Thus, in an experiment in which the heartrate-feedback was manipulated participants evaluated neutral faces as being more emotional, if they received a false feedback of an accelerated heartbeat. Higher activity within the right anterior insula was associated with higher emotionality ratings during false feedback \[[@CR81]\].

In the field of pain research it has been suggested that the so- called pain- matrix does not reflect activations specific to nociceptive stimulation but rather the behavioral significance of a stimulus regardless of its modality \[[@CR58]--[@CR60]\]. In the field of tinnitus research it might also be important to differentiate between the salience of tinnitus, which could be reflected by its loudness and tinnitus distress. We, however, found a correlation between the BOLD- response in the right insula and tinnitus distress, but not with tinnitus loudness. Thus, the activation of the right insula in our sample might indeed reflect tinnitus distress rather than its salience.

Limitations {#Sec28}
-----------

There are some limitations to the current study. A problem which is directly related to tinnitus research might be the scanner noise \[[@CR84], [@CR85]\]. The scanner noise could mask the participant's tinnitus \[[@CR84]\] and even have differential effects on non- auditory brain areas subject to the cognitive demand of the task \[[@CR86]\]. Since our study used verbal material it was not important whether the tinnitus was masked by the scanner noise. Furthermore we did not vary the cognitive demand of tasks between the groups, since both groups saw exactly the same stimuli and were given the same instructions. In addition, we controlled for hearing loss. Thus, differential effects of scanner noise are unlikely. Another issue could be the level of distress in the HDT group, since most of the participants in this group had only moderate levels of tinnitus distress. However, moderately distressed tinnitus patients often take part in studies on the effect of cognitive- behavioral therapies that aim to reduce tinnitus- related distress \[[@CR87]--[@CR89]\]. This indicates that moderately distressed tinnitus patients differ from LDT in their help seeking behavior.

Implications for future studies {#Sec29}
-------------------------------

For future studies of the neural correlates of tinnitus distress, a combination of resting- state and task- driven fMRI approaches might be useful to make the results more comparable. The resting- state could be assessed via EEG and fMRI. Idiosyncratic word stimuli relevant to tinnitus- related concerns should be used as stimulus material in a sample of HDT who should be scanned twice; before and after a cognitive behavioral intervention. Cognitive- behavioral interventions would be the method of choice, since they have reliably shown to be effective in reducing tinnitus- related distress \[[@CR90]\]. A repeated measures design pre and post therapy would have the advantage of investigating changes in the distress network and help to identify cortical hubs in tinnitus distress. Furthermore it would help to compare resting- state analysis with a task- driven approach.

Conclusion {#Sec30}
==========

Tinnitus-related words seem to activate the distress network in HDT. The roles of the insula and the OFC in the distress network have been confirmed by a task-driven fMRI-approach. Additionally, LDT seem to actively avoid tinnitus-related stimuli. The distress network and depression network seem to partially overlap in their activation of the right insula. Prospective studies are needed to further explore the distress network in chronic tinnitus.
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